procedure involved digestion of hepatic tissue by perfusion of the liver with crude collagenase; later, purified collagenase without other enzymic additions was shown to be ineffective. Recently it has been discovered that the combination of purified collagenase plus elastase is superior to crude collagenase in that it consistently provides high yields of undamaged hepatocytes. The isolated hepatocyte preparation has proved particularly useful for the study of mechanisms responsible for long-range interactions within the cell. These can be studied over prolonged time courses and in the presence of graded concentrations of specific inhibitors. Studies of this kind have demonstrated a close relationship between cytoplasmic metabolic flows and mitochondrial forces and have also revealed that the cytoplasmic and mitochondrial free NAD-linked redox potentials are maintained by energy-dependent reactions.
Preparation of isolated hepatocyte suspensions with purified enzymes
Since the preparation of rat hepatocytes in high yield was first described in 1969 [l], the technique has been widely adopted, with many researchers introducing modifications to the original protocol. The merits or otherwise of these modifications have, more recently, been fully discussed [2]. A feature common to almost all the methods described is the absolute requirement for collagenase perfusion of the liver to promote tissue dissociation, but see [3] . A difficulty researchers have encountered in performing the collagenase-perfusion technique is that from time to time the batch of collagenase used proves to be unsatisfactory. This is because the contamination of crude collagenase preparations with other proteinases varies from batch to batch, not only with respect to the nature but also the activity of the enzymes present. Until now, it has not been possible to define which of these contaminating proteinases are important for tissue digestion ; however, it is apparent that some component apart from collagenase is essential for tissue digestion, because inadequate tissue dissociation occurs when purified collagenase is employed [2].
Ferzandi and Macgregor of Kansas State
University have recently found that a combination of purified collagenase and elastase improves the yield and viability of cells isolated from the parathyroid gland [4] . Working in collaboration with Macgregor, we have demonstrated that this synergy applies also in the case of hepatocyte isolation [5] . Since there is little elastin in the liver, it would appear that elastase acts at a different site from that attacked by collagenase.
We have devised an optimal procedure for hepatocyte isolation using purified collagenase and elastase, which differs little from the methods used with crude enzyme preparations. Cell isolation can be carried out on the basis of the original Berry and Friend method [l] . Briefly, this procedure involves equilibrating 180 ml of Ca2+-free Krebs bicarbonate medium with Carbogen, and perfusion of the liver of a 300-g rat at 40 ml/min with this medium. The first 80 ml is allowed to flow to waste, thereby clearing the liver of blood. After the total perfusion volume has been reduced to 100 ml, a few ml of medium, containing collagenase, elastase and sufficient CaCl, to give a final concentration of 25 pM, is added to the reservoir and a recirculating perfusion through the liver established. This results in its digestion within 8-12 min, depending on the concentrations of enzymes employed. In our hands, maximal yields representing at least 30% more cells than can be obtained with 50 mg of crude collagenase are achieved by including 5000 units of collagenase and 10 units of elastase (Worthington Biochemical Co., Lakewood, NJ, U.S.A.) in the medium. Cell integrity as measured by Trypan Blue exclusion regularly exceeds 92 %. Addition of 2s pM Ca2+ is unnecessary for the digestive process, because the collagenase itself contains sufficient bound Ca2+, but we include this amount on the basis that it is desirable for some external Ca2+ to be present. However, the concentration must be limited to 25 pM at this stage of the perfusion, or adequate cleavage of the desmosomes will not occur [l].
Metabolic rates of gluconeogenesis and ureogenesis are enhanced in cell suspensions prepared with purified enzymes, although this may merely reflect the much smaller proportion of damaged cells in the suspension. It seems reasonable to anticipate that surface damage to the hepatocytes will be less. The importance, and possible site, of elastase action is illustrated by the observation that if the amount of this enzyme is reduced below a critical level, regardless of the quantity of purified collagenase employed, a good yield of cells can still be obtained, but 30% or more fail to exclude Trypan Blue. This implies that the desmosomes do not cleave completely and raises the possibility that elastase action may be involved in desmosome cleavage. The cost of the purified enzymes is presently at least twice that of crude collagenase, but is likely to be reduced if demand is sufficiently great. Furthermore, the exceptionally high yields should reduce the number of animals required for large-scale experiments or for bio-artificial liver systems currently under development.
Isolated hepatocytes as a tool for a holistic approach to the study of metabolism
The original reason for attempting to prepare suspensions of intact isolated hepatocytes was to produce a preparation that would facilitate the study of hepatic metabolism. The great majority of metabolic pathways have been delineated 30 years on, but the fundamental question of how these processes are controlled has yet to be fully described. Much of our own effort has been directed towards the study of mitochondriacytoplasm interactions, in particular the bi-directional intercompartmental transfer of reducing equivalents and the relationships between cytoplasmic or mitochondrial energy/redox status and metabolic fluxes. We have endeavoured to elucidate the factors that determine the direction of metabolic flow, and have concluded that the relationships we observe cannot be explained solely on the basis of molecular diffusion and random collision. Our view is that the whole cell possesses properties that cannot be inferred merely from examination of its individual parts and therefore the reductionist approach, while yielding important information, can never provide a comprehensive picture of energy transfer throughout the cell. We have used the intact hepatocyte preparation, which is ideally suited for such studies because of its multiplicity of metabolic pathways, to study the mechanisms for long-range interactions within the living cell.
Relationships between mitochondrial forces and Cytoplasmic flows
In order to study these interactions, one of these approaches has been to measure the changes in metabolic rates induced by the presence of graded additions of specific inhibitors of cellular energy transduction. These studies have demonstrated that the magnitude of the electrical potential across the inner mitochondrial membrane of a hepatocyte (A") varies linearly with the cellular phosphorylation potential (AG,) and mitochondrial redox potential (I?,,,,,) when hepatocytes are exposed to an uncoupling agent, e.g. carbonyl cyanide ptrifluoromethoxyphenylhydrazone (FCCP), or respiratory inhibitors such as rotenone or antimycin. In addition, the rates of a wide variety of metabolic flows (gluconeogenesis from various added substrates, urea synthesis from ammonia, glucose formation from glycogen, lactate production from fructose or pyruvate) also vary linearly in relation to changes in cellular potentials brought about by exposing hepatocytes to inhibitors of respiration or agents that impair energy flow [6, 7] . An example of this phenomenon is shown in Figure 1, where the relationship between the rate of glucose 
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synthesis from lactate and Ehm has been studied in hepatocytes exposed to graded concentrations of FCCP, oligomycin and rotenone. The simultaneous effects of inhibitors of energy transduction on the rates of gluconeogenesis and ureagenesis revealed that both pathways vary to the same degree, resulting in a proportional relationship between the two fluxes [6], supporting the conclusion that a common sensitivity to changes in cellular energy state determines the flux through the two pathways. The linear relationship between cytoplasmic flows and mitochondrial forces is characteristic of systems poised by energy expenditure in far-fromequilibrium steady states, and which collapse towards thermodynamic equilibrium when energy flow is impaired. Thus the redox potentials measured by the 'indicator method' must be regarded as apparent rather than (near) equilibrium potentials.
The maintenance of (apparent) redox potential in the cytoplasmic and mitochondrial compartments
The measurement of the steady-state concentrations of the substrates of the lactate dehydrogenase reaction has been found to be the most convenient means of determining the cytoplasmic apparent E,,) from the measurement of the steady-state massaction ratio of the reaction catalysed by 3-hydroxybutyrate dehydrogenase, which is confined to the mitochondrial compartment [S] . On this basis the Ehe at steady state in freeze-clamped liver from 48-h-starved rats is about -250 mV, and Ehm is in the region of -310 mV [9] . Thus Ehdlel, the difference between the two potentials (Ehc -Ehm) in situ at steady state is about 60 mV. T h e maintenance of this difference between E,, and E,, would appear feasible if the two NAD pools were totally segregated, but it is well established that, despite this apparent energy barrier, reducing equivalents flow freely and in both directions between the two compartments [lo] . This apparent paradox has prompted us to re-examine the interrelationships of Ehc and Ehm.
T h e major known intercompartmental reducing-equivalent transferring systems involved in lactate and pyruvate metabolism in hepatocytes are the malate-aspartate (M-A) shuttle, which transfers reducing equivalents from cytoplasm to mitochondria [1&12] , and the malate (aspartateindependent) shuttle, which transfers reducing equivalents in the opposite direction and provides oxaloacetate for gluconeogenesis. Both these shuttles are energy-dependent [13-161, and their rates of reducing-equivalent transfer show a close relationship to the magnitude of the mitochondrial membrane potential (AY).
Maintenance of apparent potential difference between cytoplasm and mitochondria
Hepatocytes exposed to lactate, alone or in combination with palmitate, were capable of maintaining an approximately constant potential difference between Ehc and E,,, even though the individual redox potentials were substantially altered in the presence of different initial added substrate concentrations. Furthermore, there appeared to be significant interaction between the two potentials since the presence of the cytoplasmic substrate, lactate, elevated E,,, as well as E,,, in parallel, and the mitochondrial substrate, palmitate, likewise raised Ehm and E,, to the same degree (results not shown). These observations confirmed that bidirectional reducing-equivalent flow and equilibration of hepatocyte cytoplasmic and mitochondrial NAD pools readily occur despite the calculated approximately 40 mV dif- 
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ference between the two potentials. Because previous studies had indicated that reducingequivalent transfer between cytoplasmic and mitochondrial compartments involves energydependent mechanisms [ 1 3,14,16] we examined the effects of the uncoupling agent FCCP on the interrelationships between Ehr and Ehm. T h e normal potential difference between E,, and Ehm of 40-50 mV (E,,,,,) was found to be depressed to less than 10 mV by treatment of hepatocytes with high concentrations of FCCP, as Ehm becomes more oxidized and E,, more reduced (Figure 2 ).
Effects of shuttle inhibitors on the apparent potential difference between cytoplasm and mitochondria
T h e M-A shuttle includes a mitochondrial and a cytoplasmic transamination step. Hence, the impact of decreasing reducing-equivalent transport from cytoplasm to mitochondria on Ehdlrr can be studied in the intact hepatocyte by employing a transaminase inhibitor such as amino-oxyacetate. Our results (Figure 3 ) imply that Ehdlrr is main- 
Conclusions
We conclude that the potential difference between the cytoplasmic and mitochondria1 compartments is maintained normally in an energized far-fromequilibrium steady state by the operation of energy-dependent reducing-equivalent shuttles. LaNoue et al. [16] , as a consequence of their important work on the energy-dependent glutamate/aspartate exchange across the inner mitochondrial membrane in isolated mitochondria, suggested that the energy requirement was a necessity to enable reducing equivalents to flow from cytoplasm to mitochondria against the redox energy barrier. On the other hand, we are proposing that the magnitude of the potential difference between cytoplasm and mitochondria is a consequence of the energization of the M-A and malate shuttles.
These experiments give some indication of the usefulness of isolated hepatocytes for metabolic study. Hepatocytes in suspension and culture are now considered routine tools for biological investigation. Interestingly, many of the investigators, using cells in culture, are essentially endeavouring to examine the interactions of hepatowide variety of non-parenchymal cells that exist in the liver. In recent years their usage in suspension or culture has been expanded greatly to embrace pharmacological and toxicological studies, as well as the study of growth, differentiation and many other aspects of molecular biology, as well as for therapeutic purposes such as gene transfer and use in the bio-artificial liver. T h e intact isolated hepatocyte preparation has come a long way in 30 years.
